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DIABETIC NEPHROPATHY has a complex and prolonged pathogenesis. Multiple factors play important roles in the development and progression of this most common cause of end-stage renal disease, yet many of the critical determinants of progressive nephropathy remain a mystery. The earliest manifestations of the disease occur in the kidney glomerulus and, consequently, most attention to mechanisms has focused on altered responses of diabetic glomerular cells, especially mesangial cells and, more recently, podocytes. Podocytes appear to be quite susceptible to injury in diabetes (33) , and this injury leads to loss of podocytes in part via apoptosis (23, 40) . This podocyte depletion appears to be a relatively early event in the evolution of diabetic nephropathy and predicts clinical progression of the disease (31) . The factors that lead to podocyte loss in diabetes are being actively investigated and include enhanced oxidative stress (39, 40) and activation of the renin-angiotensin-aldosterone system (14) .
Until recently, little attention has been paid to the potential pathogenic role of the molecules that transport glucose into these cells, the facilitative glucose transporters. While several of these transporters have been identified in kidney glomerular cells, it appears that GLUT1 and GLUT4 comprise the major transporters in both mesangial cells (4, 16, 18, 30) and podocytes (9) , although GLUT2 (29) and GLUT8 (36) have also been detected in cultured podocytes. We and others demonstrated that expression of the GLUT1 glucose transporter in mesangial cells is enhanced by high glucose (20) and is increased in glomeruli of diabetic animal models (17) . Elevated GLUT1 levels in mesangial cells lead directly to activation of PKC isoforms and aldose reductase, and enhanced fibronectin and collagen IV accumulation (6, 18, 19, 22, 42) , typical features of early diabetic nephropathy. However, there are no studies of the effects of enhanced GLUT1 in podocytes. We speculated that increased GLUT1 levels in podocytes would similarly enhance glucose uptake with similar effects on cell signaling as in mesangial cells as well as induction of reactive oxygen species as has been documented in adipocytes from high fat-fed diabetic mice (41) . Such derangements in podocyte signaling and oxidative stress could lead to podocyte dysfunction, injury, and loss.
To test this hypothesis most directly, we generated diabetic and control mouse lines that specifically overexpressed GLUT1 only in podocytes. Surprisingly, these diabetic podocyte-specific GLUT1 transgenic mice did not consistently develop enhanced proteinuria or show any reduction in total podocyte numbers but in fact manifested decreased mesangial expansion and glomerular levels of fibronectin and vascular endothelial growth factor (VEGF) compared with diabetic wild-type mice. These studies suggest that increased GLUT1 expression has no pathogenic effect on podocytes and in fact induces a response that ameliorates diabetic glomerulopathy.
METHODS
Podocyte-specific GLUT1 transgenic mice. Protocols for animal use were approved by the University Committee on Use and Care of Animals of the University of Michigan and all animals were monitored by the veterinarian staff of the Unit for Laboratory Animal Medicine. Mice were housed in a pathogen-free, temperature-controlled environment on a 12-h (0600 -1800) light-dark cycle and had access to standard chow (LabDiet 5001, PMI, Richmond, IN) and water ad libitum. All mice were weaned at 21 days.
The transgene construct included a 2.5-kb fragment of the human NPHS2 (podocin) promoter (32) followed by the coding sequence of the rat GLUT1 cDNA. Superovulation in 42 C57BLKS/J-Lepr db/m egg donors (25-30 days old; Jackson Laboratory Stock Number 000662, Bar Harbor, ME) was induced with 5 IU pregnant mare's serum gonadotropin (National Hormone and Peptide Program, National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD) in 0.1 ml PBS (Invitrogen, Carlsbad, CA) by intraperitoneal injection and 46 -50 h later with 5 IU human chorionic gonadotropin (Sigma, St. Louis, MO) in 0.1 ml PBS. After mating to C57BLKS/J (BKS) males, a total of 1,696 eggs was collected, of which 1,065 were injected (67% fertilization rate). It was observed during microinjection with the NPHS2/GLUT1 sequence that the eggs were more prone to lysis than C57BL/6J eggs. Intact microinjected eggs were transferred to pseudopregnant females and 116 pups were born (18% birth rate) of which 30 were transgenic founders. Thus, the transgenic efficiency was 2.8 transgenic founders produced per 100 microinjected eggs. The transgenic efficiency of C57BL/6NTac and C57BL/6J mice was reported to be 1.2 and 1.0, respectively (2, 12) , thus the efficiency of producing NPHS2-Glut1 transgenic founders in BKS mice was at least twofold more efficient.
Two lines of mice with significant glomerular GLUT1 overexpression were generated. The resulting lines were denoted as C57BLKS/ J-Tg(Nphs2-Slc2a1) Lepr db/m lines 1 and 2. Genotype of the mice was verified by PCR analysis of genomic DNA isolated from tail biopsies (High Pure PCR Template Preparation Kit, Roche Diagnostics, Pleasanton, CA) as previously described (24) with the following primers that produced a positive PCR product of ϳ500 bp in Nphs2 GLUT1 (pGT1) mice: transgenic forward primer: 5=-ACAGCTCCACCAA-GACACA-3= and transgenic reverse primer: 5=-CAGCAGGTTCAT-CATCAGC-3=. The db/db and db/m genotype was confirmed with the following primers: db forward primer: 5=-CCAACAGTCCATA-CAATATTAGAAGATCTTTACATTTT-3= and db reverse primer: 5=-CCTAATGGAATCTAATATGGAAGCT-3=.
PCR products were digested with Hpy81 (MjaIV) which recognizes the sequence mutation in the db leptin receptor allele, but not the sequence in the misty allele, and then separated on agarose gels. Overexpression of GLUT1 was confirmed in glomeruli by immunoblotting and immunofluorescence microscopy ( Fig. 1) .
Physiologic measurements. Fasting blood glucose and body weight were recorded every 4 wk until the end of the trials. A small drop of tail blood was collected after fasting and analyzed using an Accu- Fig. 1 . Podocyte-specific overexpression of GLUT1 in 2 transgenic mouse lines. A: GLUT1 and podocin immunohistochemistry of adjacent histologic sections of a representative glomerulus from a wild-type (WT) mouse (control; top) and pGT1 mouse (transgenic; bottom) showing increased GLUT1 expression in the pGT1 glomerulus in a distribution that is similar to that of the podocyte protein, podocin, suggesting that the enhanced GLUT1 expression is podocyte-specific. B: GLUT1 quantitation in immunoblots from glomerular lysates of WT and pGT1 nondiabetic (db/m) animals in both of the transgenic lines. Data are means Ϯ SE with total number of animals in parentheses. *P Ͻ 0.01 vs. wild-type db/m.
Chek, Advantage glucometer (Roche Diagnostics, East Sussex, UK). Twenty-four-hour urine collections were obtained at 24 wk of age using Hatteras metabolic cages (Hatteras Instruments, Cary, NC). Urine volume and creatinine and albumin excretion in 24 h were measured (Creatinine Companion and Albuwell M; Exocell, Philadelphia, PA) and then used to calculate the urinary albumin-creatinine ratio. Glycosylated hemobglobin (GHb) was measured by the Michigan Diabetes Research and Training Center Chemistry Laboratory Core using the Helena Laboratories Test kit, Glyco-Tek Affinity column Method (catalog no. 5351; Helena Laboratories, Beaumont, TX). This test measures any stable form of glycosylated hemoglobin. Interassay variations are 8.8 at 6.0% GHb and 3.8 at 19.5% GHb.
Histologic assessment. At 24 wk of age, mice were deeply anesthetized with pentobarbital sodium (Abbott Laboratories, North Chicago, IL). The abdominal aorta was cannulated with a 23-gauge catheter and a small sample of blood was withdrawn for GHb and cholesterol measurements. Each mouse was perfused via the aorta with PBS containing 50 U/ml of heparin (American Pharmaceutical Partners, Schaumburg, IL) at 100 mmHg with the liver nicked to allow blood to exit. Once cleared of blood, the left kidney from each mouse was ligated and the right kidney was perfused with ferric oxide slurry in PBS via the abdominal aorta. The left kidney was removed, weighed, and fixed overnight in a solution of 2% paraformaldehyde in PBS. Iron-containing glomeruli from the right kidney were then isolated over a magnet as previously published (45) . Isolated glomeruli were placed in lysis buffer and used for immunoblotting.
For quantification of mesangial extracellular matrix, 3-m sections from paraformaldehyde-fixed, paraffin-embedded kidney slices were stained using Periodic Acid-Schiff's reagent (PAS) (1). Mesangial area was expressed quantitatively by calculating the percentage of the total glomerular area that was PAS positive. Fifteen glomerular tufts per animal were chosen randomly for analysis.
For podocyte counts, paraffin-embedded, paraformaldehyde-fixed tissue was sectioned at 3 and 9 m and was performed as previously published (39, 45) following the methods of Sanden et al. (34) . Briefly, podocyte nuclei were detected with a rabbit polyclonal anti-WT1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a concentration of 20 g/ml. Images of all glomeruli from both thick (9 m) and thin (3 m) kidney cortical cross sections were collected using the MetaMorph Image System (version 6.1, Molecular Devices, Downingtown, PA) by a blinded observer (JS). Glomerular volume/ podocyte (GV/P) was calculated as previously reported (39, 45) . GV/P is a variable that incorporates the relationship between both podocyte number and glomerular basement membrane surface area, is the reciprocal of podocyte density, and is a useful measure of the degree of podocyte reserve (34) .
Immunoblotting. Glomerular samples were sonicated and/or mechanically disrupted in lysis buffer [0.1% SDS, 150 mM NaCl, 1% Triton X-100, 1 mM Na 3VO4, 50 mM NaF, 1 mM phenylmethylsulphonyl fluoride, and complete protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN) in 10 mM Tris·HCl, pH 7.4] and used for SDS-PAGE as previously reported (37, 45) . Lysates were run on 7.5 or 10% SDS-PAGE and immunoblotted with antibodies for fibronectin and ␤-tubulin (mab1926 and 05-661, respectively; Millipore, Temecula, CA), GLUT1 (a gift from Dr. Carter-Su, University of Michigan), nephrin or Neph1 (15) (gifts from Dr. L. Holzman, University of Michigan), VEGF-A (cat. no. MS-1467-R7, VEGF Ab-7, Clone VG1, Neomarkers, Labvision, Fremont, CA), or ␤-actin (␤-actin Ab, cat. no. ab8226; Abcam, Cambridge, MA). Blots were exposed to film after incubation in Roche LumiLight Western Blotting Substrate. All exposures were within the linear range of the film and normalized to ␤-actin or ␤-tubulin content.
Statistical analysis. All data are expressed as means Ϯ SE. The differences between groups were analyzed by a one-factor ANOVA, followed by a Tukey-Kramer test for multiple comparisons of the means. When comparing two groups, a Student's t-test was used. All tests were assessed at the 0.05 level of significance. Data analyses were performed with the statistical package StatView 5 (SAS Institute, Cary, NC).
RESULTS
Nondiabetic pGT1 mice demonstrated 3.5-fold (line 1; P Ͻ 0.0001) and 2.1-fold (line 2; P Ͻ 0.02) higher levels of glomerular GLUT1 protein compared with levels in wildtype mice (Fig. 1) . GLUT1 immunohistochemistry showed enhanced glomerular staining in pGT1 mice compared with wild-type mice consistent with podocyte-specific overexpression (Fig. 1) . Glomerular GLUT1 levels were increased in both pGT1 and wild-type mice compared with nondiabetic controls, but the relative increase in GLUT1 expression was maintained in pGT1 diabetic mice compared with wild-type diabetic mice at 24 wk of age (data not shown).
At 24 wk of age, both lines of pGT1 and wild-type diabetic BKS mice showed substantial weight gain and severe fasting hyperglycemia compared with db/m controls but there were no significant differences between the pGT1 transgenic and wildtype BKS db/db mice ( Table 1) . While the diabetic pGT1 mice had slightly lower glycosylated hemoglobin levels, these were not statistically significant. Lipid levels were not different between the diabetic pGT1 and wild-type mice (Table 1) .
Albuminuria was variable (Fig. 2) . While the diabetic pGT1 line 1 mice developed less albuminuria at 24 wk than did diabetic wild-type mice, this reduction in albuminuria was not found in line 2 mice (Fig. 2) . Moreover, although diabetes induced a reduction in the number of WT-1-positive podo- cytes, there was no difference in the degree of podocyte reduction in the pGT1 line 1 mice compared with the diabetic wild-type mice (Fig. 3) . Interestingly, there was a substantial and significant reduction in mesangial expansion in diabetic pGT1 mice in both lines compared with diabetic wild-type mice. The mesangial index (percent PAS-positive material in the mesangial tuft) increased 88% (line 1) and 75% (line 2) in the wild-type diabetic mice but increased only 48% (line 1) and 39% (line 2) in pGT1 diabetic mice (Fig. 4) . Thus, overexpression of GLUT1 in podocytes reduced mesangial expansion in diabetes by approximately half. Similarly, fibronectin levels were elevated about fourfold in the diabetic wild-type mice but only around twofold in pGT1 diabetic mice compared with controls (Fig. 5) .
Levels of a number of podocyte proteins (VEGF, nephrin, neph1, CD2AP, podocin, and GLUT4) were assessed in glomerular lysates of transgenic and wild-type line 1 mice. VEGF levels increased substantially with diabetes (Fig. 6) . Because the glomerular VEGF levels in nondiabetic animals in this model were so low, we were unable to validly quantitate glomerular VEGF in those mice. However, glomerular VEGF levels were reduced in pGT1 diabetic animals (line 1) to ϳ60% of those in diabetic wild-type mice (Fig. 6) . Similar VEGF reductions were found in line 2 animals. Nephrin levels appeared to be higher in both diabetic and control transgenic mice than in wild-type mice. The increase in the diabetic transgenic mice approached, but did not reach, statistical significance (the ANOVA had a P value of 0.053 and the mean difference between diabetic transgenic and diabetic wild-type mice was 0.71-fold which approached the critical difference of 0.90-fold; Fig. 7) . Variance in nephrin levels in the four groups made it difficult to detect the less than twofold differences given the sample size. There was no change in glomerular podocin or GLUT4 levels with diabetes or in the transgenic animals ( Fig. 7) . Neph1 and CD2AP levels were compared in nondiabetic transgenic and wild-type line 1 and 2 animals and showed no differences (not shown; n ϭ 5-7 in each group).
DISCUSSION
Diabetic nephropathy is the most common cause of endstage renal disease in the United States (3, 44) . Many factors have been implicated in the pathogenesis of diabetic nephropathy; however, the mechanisms remain incompletely understood. In virtually all mammalian cells, glucose uptake occurs via members of the family of facilitative glucose transporters. Glomerular expression of GLUT1 is increased in animal models of diabetes including db/db BLKS mice (17) used in the experiments reported here. Overexpression of GLUT1 in glomerular mesangial cells in the absence of hyperglycemia results in glomerular hypertrophy and glomerulosclerosis, similar to that seen in diabetic nephropathy (5, 20) , whereas prevention of elevated GLUT1 expression inhibits mesangial matrix expansion in diabetic mice (17) . Although multiple studies identified a role for GLUT1 in the pathogenesis of diabetic nephropathy, the precise mechanisms by which GLUT1 promotes nephropathy remain to be identified. Moreover, it is not clear which glomerular cells overexpress GLUT1 in diabetic glomerulopathy. Whereas most previous experimental studies focused on mesangial cells, we wished to determine whether enhanced expression of GLUT1 in podocytes could also contribute to diabetic glomerulopathy, specifically by enhancing podocyte dysfunction or loss. To do so, we used a GLUT1 construct driven by a podocyte-specific 2.5-kb human NPHS2 (pdodicin) promoter that has been demonstrated to drive podocyte-specific gene expression in both mice and rats in several previous publications (11, 32, 38, 43) . Surprisingly, we found no consistent enhancement of a podocyte phenotype either in terms of worsening albuminuria or reduction in podocyte number in the pGT1 mice. Even more surprisingly, we found a substantial reduction in mesangial matrix expansion in diabetic pGT1 mice from both lines compared with diabetic wild-type db/db BLKS mice. These data imply that overexpression of GLUT1 in podocytes signals in some manner to glomerular mesangial cells, and potentially other cells in the mesangium, that are responsible for matrix synthesis and degradation. While the nature of such a signal is not known, we did find that VEGF levels were not as markedly increased in the pGT1 diabetic mice as they were in wild-type diabetics.
Others showed that blockade of VEGF signaling by administration of blocking antibodies (10, 13) or overexpression of the endogenous VEGF inhibitor, sFlt-1, either specifically in podocytes (26) or systemically via intramuscular injection of an adeno-associated viral vector (25) limits albuminuria and can reduce glomerular and mesangial matrix expansion (13, 26) in early diabetic nephropathy. Why our model, with substantial reductions in VEGF, was not associated with a consistent reduction in albuminuria is unclear but could be due to less profound inhibition of VEGF receptor signaling than that found in the other models. Indeed, the diabetic pGT1 line 1 animals that had a more profound increase in podocyte GLUT1 as well as a more consistent reduction in glomerular VEGF levels did develop less albuminuria than diabetic wild-type mice, while the line 2 animals with a smaller increase in GLUT1 showed no statistically significant change in albuminuria with diabetes compared with wild-type mice. These variant data are consistent with a possible VEGF dose effect. In addition, the duration of diabetes was longer in our experiments than those reported by the VEGF inhibition studies and this could have contributed to some of the different findings, as albuminuric factors other than VEGF may be more important at later stages of nephropathy. Finally, it is possible that the ameliorative effects of GLUT1 expression on mesangial matrix expansion in diabetes occurred via an independent mechanism or mechanisms. The causal link between enhanced podocyte GLUT1, reduced glomerular VEGF levels, and reduced nephropathy awaits formal testing. Moreover, the mechanism by which enhanced GLUT1 expression results in reduced VEGF expression is yet unknown.
GLUT1 overexpression also appeared to be associated with an increase in glomerular nephrin levels. This difference did not quite reach statistical significance given a relatively large variability in expression levels (in nephrin and in several other proteins). Since reduced nephrin levels have been implicated (7), albeit inconclusively, in the progression of diabetic nephropathy and since higher nephrin levels may be protective, an increase in nephrin levels in association with enhanced podocyte GLUT1 could be of interest if it is verified in future studies. Nephrin clearly augments GLUT1 trafficking to the plasma membrane of podocytes (8) and it is possible that there is a reciprocal effect maintaining higher levels of nephrin at the slit diaphragm when GLUT1 levels increase. Determination of whether such a relationship exists will require further testing.
It is unclear why we found such a variability in nephrin (and other) protein levels in our glomerular lysates, which was somewhat greater than what we found in a type 1 diabetic model on a different genetic background (45) . The mice in this study were all genetically identical and the glomerular preparations were monitored for purity. It is possible that modest environmental differences (degree of hyperglycemia, weight gain, etc.) could affect expression of some glomerular proteins. Some indirect support of the surprisingly protective role of GLUT1 in podocytes has been recently reported by Saleem's group (28) . In their report, the authors show that the PPAR-␥ agonist, rosiglitazone, enhances glucose uptake in cultured podocytes by increasing plasma membrane GLUT1 expression. We (45) and others (for a review, see Ref. 35) showed that treatment with rosiglitazone reduces diabetic glomerulopathy via a PPAR-␥-dependent mechanism and that rosiglitazone and other thiazolidinediones reduce glomerular VEGF levels in diabetes (27) . Although thiazolidinediones have pleiotrophic effects, one mechanism for protection could be via their effects on GLUT1 and VEGF.
Polymorphisms in the GLUT1 gene have been found to be associated with a higher risk of diabetic nephropathy in several human populations with both type 1 and type 2 diabetes (for the most recent review, see Ref. 17 ). While we and others generally assumed that such risk was determined by polymorphisms that led to enhanced GLUT1 expression or action in mesangial cells, the results in the current study also suggest that polymorphisms that reduce podocyte GLUT1 expression or function may contribute to enhanced nephropathy. 
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